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EXECUTIVE  SUMMARY 


The  Metrek  Division  of  the  MITRE  Corporation,  under  contract 
to  the  Uhited  States  Army  Medical  Bioengineering  Research  and 
Development  Laboratory,  is  reviewing  and  recommending  short-term 
tests  for  evaluating  and  predicting  the  functional  and/or  morphologi¬ 
cal  impairment  produced  by  toxic  substances  using  animal  test  systems. 
This  document  presents  information  on  the  available  tests  for  the 
cardiovascular  system  and  recommends  those  tests  which  are  suitable 
for  use  in  a  screening  program. 

Cardiovascular  damage  can  be  caused  by  chemicals,  disease 
and  various  other  forms  of  cardiac  stress.  A  number  of  cardiotoxic 
chemical  substances  have  been  identified  which  are  found  either  in 
the  environment,  in  occupational  settings  or  that  have  been  synthe¬ 
sized  by  man.  The  damage  these  substances  cause  may  be  minor 
(e.g.,  subtle  functional  and  structural  changes)  or  it  may  be  severe, 
leading  to  heart  failure.  To  determine  the  cardiotoxic  activity  of 
a  toxicant,  the  heart  and  vascular  system  are  examined  for  lesions. 
These  lesion's  may  be  structural,  functional  and/or  biochemical. 

In  this  report,  the  techniques  used  to  measure  cardiovascular 
damage  have  been  grouped  into  three  categories:  morphological, 
functional,  and  biochemical. 

A  variety  of  testing  techniques  have  been  developed  to  detect 
cardiovascular  damage;  however,  few  of  these  are  well  developed  or 
have  demonstrated  ability  to  detect  damage  in  short-term  screening. 
Those  tests  that  are  sufficiently  developed  to  have  potential 
application  in  a  short-term  screening  program  for  cardiotoxicity 
are  described  in  this  report.  The  information  in  this  report  deals 
only  with  animal  testing.  The  testing  techniques  used  in  humans 
are  included  only  if  they  might  prove  useful  in  animal  testing. 

The  following  criteria  have  been  used  to  evaluate  the  cardio¬ 
vascular  system  tests  described: 

•  Whether  the  test  is  sufficiently  developed  to  be 
reproducible  in  a  screening  program 

•  Whether  the  test  is  sufficiently  sensitive  to  detect 
early  subtle  forms  of  damage  and  to  reflect  the  extent 
of  damage  to  the  system 

•  Whether  procedures  and  instrumentation  are  sufficiently 
uninvolved  to  enable  technicians  with  minimium  additional 
training  to  perform  the  test 
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•  Whether  the  test  is  terminal  to  the  animal  used 


•  The  amount  of  time  necessary  to  complete  the  test  (l.e., 
days  to  a  few  weeks) 

After  an  assessment  of  the  cardiovascular  testing  techniques 
was  made,  none  of  the  techniques  sufficiently  satisfied  the  criteria 
to  be  immediately  useful  in  a  short-term  screening  program.  Nonethe¬ 
less,  a  battery  of  tests  are  recommended  that  show  the  greatest 
potential  utility  in  a  cardiocascular  screening  program. 

The  recommended  tests  include  both  in  vivo  and  iji  vitro 
techniques.  The  jLn  vivo  functional  techniques  recommended  are  the 
monitoring  of  left  ventricular  pressure,  arterial  pressure,  aortic 
flow,  cardiac  output  and  electrocardiographic  activity.  The 
morphological  techniques  recommended  include  gross  inspection, 
light  microscopy  and  limited  electron  microscopy.  The 
biochemical  analyses  recommended  include  serum  lactic  dehydrogenase 
(LDH) ,  creatine  phosphokinase  (CPK)  and  tissue  electrolytes  (e.g., 
magnesium,  calcium,  sodium  and  potassium) .  The  in  vitro  techniques 
recommended  are  cultured  heart  cells  and  perfused  heart  preparations. 
In  both  the  cell  cultures  and  perfused  heart  preparations,  various 
biochemical  (e.g.,  LDH,  CPK)  and  functional  (e.g.,  beating  and 
electrical  activity)  parameters  may  be  monitored. 

Some  experimental  procedures  currently  in  the  research  and 
development  stage  are  briefly  discussed  for  their  future  potential 
as  screening  tests. 

This  report  is  accompanied  by  a  directory  entitled  Development 
of  Cardiovascular  Bioassays  in  Laboratory  Animals;  Directory  of 
Institutions/Individuals ,  which  presents  the  names  of  organizations 
and  individuals  involved  in  the  development  and/or  utilization  of 
tests  applicable  to  the  screening  of  toxic  substances  in  the  cardio¬ 
vascular  system.  The  information  provided  for  each  organization 
includes  specific  tests  and  observations  performed;  the  test  systems 
utilized  (e.g.,  experimental  animals  or  in  vitro  preparations);  the 
substances  administered  or  conditions  established  to  elicit  a  toxic 
response;  the  use  of  anesthesia,  and  the  terminal  nature  of  the  tasks 
conducted. 
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1.0  INTRODUCTION 


The  Metrek  Division  of  The  MITRE  Corporation,  under  contract  to 
the  United  States  Army  Medical  Bioengineering  Research  and  Develop¬ 
ment  Laboratory,  is  reviewing  and  recommending  short-term  tests  for 
evaluating  and  predicting  the  functional  and/or  morphological  impair¬ 
ment  produced  by  toxic  substances  using  animal  test  systems.  Effects 
in  four  organ  systems — pulmonary,  hepatic,  renal  and  cardiovascular — 
are  being  considered.  This  document  presents  information  on  the 
available  tests  for  the  cardiovascular  system  and  recommends  which 
tests  should  be  further  developed  for  use  in  a  screening  program. 

Cardiovascular  damage  can  be  caused  by  chemicals,  diseases  and 
various  other  forms  of  cardiac  stress.  Many  chemical  substances  have 
been  identified  that  induce  cardiovascular  damage;  fortunately  few 
are  common  substances.  Cardiotoxic  substances  have  been  found  in  the 
environment,  in  occupational  settings  and  in  food.  Some  commercially 
produced  chemicals  such  as  drugs,  pesticides  and  food  additives  have 
been  found  to  be  cardiotoxic.  The  damage  these  substances  cause  may 
be  minor  (e.g. ,  subtle  functional  and  structural  changes)  or  it  may 
be  severe,  leading  to  heart  failure.  Chemical  substances  that  have 
the  potential  for  broad  exposure,  or  for  which  there  is  the  potential 
for  high  individual  exposure,  should  be  examined  for  cardiotoxic 
activity.  To  determine  the  level  of  cardiotoxic  activity,  the  heart 
and  vascular  system  are  examined  for  agent-induced  lesions.  These 
lesions  may  be  structural,  functional  or  biochemical. 


The  most  extensive  testing  in  the  cardiovascular  system  has  been 
in  the  examination  of  the  heart  for  functional  changes.  Efforts  have 
then  been  made  to  correlate  these  functional  changes  with  structural 
and  biochemical  alterations.  The  first  section  of  this  report 
describes  the  techniques  used  to  detect  and  determine  the  extent  of 
structural  alterations  in  the  heart.  These  include  the  use  of  gross 
inspection,  and  light  and  electron  microscopy  in  the  pathologic 
description  of  the  heart  and  of  three  in  vitro  systems:  cultured 
heart  cells,  tissue  explants  and  perfused  heart  preparations.  The 
second  section  describes  the  techniques  used  to  examine  the  heart  for 
functional  changes  and  damage.  These  techniques  are  used  to 
determine  heart  rates,  levels  of  pressure  and  flow  at  various  sites 
in  the  cardiovascular  system,  and  the  electrical  conduction  patterns 
and  rates  in  the  heart.  Techniques  used  to  measure  functional 
parameters  in  cultured  heart  cells,  tissue  explants  and  perfused 
heart  preparations  are  also  described  in  this  section.  The  final 
section  describes  the  biochemical  alterations  in  damaged  hearts  and 
in  model  _in  vitro  systems,  and  the  techniques  used  to  measure  these 
alterations.  Specifically  described  are  the  use  of  serum  enzyme  and 
tissue  electrolyte  levels  to  detect  cardiac  damage. 

The  information  contained  in  this  report  has  been  compiled  from 
published  and  unpublished  reports,  and  communications  with  individ¬ 
uals  active  in  the  development  of  testing  techniques  for  cardiovascu¬ 
lar  damage.  A  companion  directory  of  individuals  and  organizations 
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involved  in  cardiovascular  testing  in  animals  has  been  compiled 
solely  from  personal  communications,  so  that  only  the  current 
activities  of  organizations  and  researchers  would  be  represented. 
The  Information  in  this  report  deals  only  with  animal  testing. 
Considerable  research  has  been  done  concerning  human  cardiovascular 
disease,  especially  in  developing  human  cardiof unctional  testing. 
These  testing  techniques  for  humans  have  only  been  included  in  this 
report  when  they  might  prove  useful  in  animal  testing. 


2.0  MEASUREMENTS  OF  CARDIOVASCULAR  DAMAGE 

Measurements  of  alterations  in  structure  and  function  of  the 
cardiovascular  system  have  been  used  as  indices  of  damage.  Attempts 
have  been  made  to  correlate  these  alterations  with  biochemical 
changes.  Many  techniques  for  monitoring  functional  changes  have  only 
been  used  in  man,  especially  the  noninvasive  techniques.  These  have 
not  been  applied  to  small  animals  because  of  their  complexity,  and 
because  invasive  techniques  are  more  practical  and  reliable  in  small 
animals.  Much  of  the  information  necessary  to  evaluate  the  reliabil¬ 
ity,  sensitivity  and  capability  of  individual  techniques  for  predict¬ 
ing  and  evaluating  cardiovascular  damage  in  animals  is  unavailable. 
The  techniques  used  both  in  animals  and  in  humans  are  in  most  cases 
much  more  developed  in  humans. 

The  techniques  used  to  measure  cardiovascular  damage  have  been 
separated  into  three  categories:  morphological,  functional  and  bio¬ 
chemical.  Some  techniques  could  conceivably  be  included  in  more  than 
one  category;  however,  the  techniques  have  been  placed  in  the  cate¬ 
gory  that  best  described  the  parameters  they  measure.  The  in  vitro 
systems  (i.e.,  cultured  heart  cells,  tissue  explants  and  perfused 
heart  preparations)  have  been  described  in  each  category  based  upon 
the  parameters  examined.  For  example,  measurements  of  enzyme  leakage 
from  damaged  cultured  heart  cells  Is  described  in  the  Biochemical 
Section.  The  information  in  each  section  is  augmented  by  material 
tabulated  in  the  appendix.  The  emphasis  in  this  report  is  on 
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describing  and  evaluating  the  suitability  of  each  technique  for 
potential  application  to  a  cardiovascular  screening  program. 

2.1  Morphological  Techniques 

The  most  common  techniques  used  to  detect  damage  in  the  heart 
have  been  the  gross  (macroscopic)  and  histological  (microscopic) 
examination  of  the  heart.  The  histological  techniques  involve  the 
use  of  light  microscopy,  transmission  electron  microscopy  (TEM),  and 
to  a  limited  extent,  scanning  electron  microscopy  (SEM). 

2.1.1  Gross  Examination  and  Light  Microscopy 

Gross  pathological  inspection  of  the  heart  has  important  value 
in  a  thorough  description  of  cardiac  damage.  The  leBion  patterns  for 
many  classes  of  cardiotoxic  substances  are  well  known.  Many  of  these 
lesion  patterns  in  rats  have  been  described  by  Selye  (1961).  Changes 
in  the  normal  size  and  shape  of  the  heart  (e.g.,  hypertrophy,  pro¬ 
truding  infarct),  the  vascular  pattern  (e.g.,  arteriosclerosis,  cal¬ 
cification),  and  color  (e.g.,  ischemia,  calcification,  necrosis),  are 
all  Important  macroscopic  features  that  can  be  detected  by  gross 
inspection. 

Most  of  the  early  structural  features  of  damage  are  microscopic 
and  cannot  be  detected  by  gross  inspection.  These  features  require 
either  light  or  electron  microscopy  to  be  detected.  The  resolution 
of  light  microscopy  is  restricted  by  the  wave  length  of  the  inci¬ 
dent  light  source  which  limits  the  examination  of  heart-cell  features 

o 

to  structural  components  with  dimensions  greater  than  2,000  A 
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(Fawcett,  1969).  The  necrotic  changes  in  heart  cells  that  can  be 

detected  by  using  light  microscopy  include:  disorganization  of  cell 
* 

cytoplasm  (e.g. ,  vacuolization,  transverse  banding);  increased 
amounts  of  lipofuscin,  mineralization,  myofibrillar  granularity,  and 
degeneration  (either  pycnosis  or  enlarged  nucleoli);  Z-band  degenera¬ 
tion,  and  interstitial  edema.  Also,  leukocytic  and  histiocytic 
infiltration  and  fibroblastic  changes  can  be  detected  in  necrotic 
tissue,  and  the  extent  of  necrotic  foci  can  be  determined  by  using 
light  microscopy. 

2.1.2  Electron  Microscopy 

Some  early  changes  in  the  injured  heart  cells  cannot  be  detected 
by  using  light  microscopy.  Many  investigators  have  reported  dose- 
related  ultras tructural  changes  in  the  absence  of  abnormalities  on 
light  microscopy  (Rabkin,  1979).  The  cardiac-cell  mitochondria  are 
approximately  2-3  microns  long  and  are  easily  seen  using  light 

o 

microscopy;  however,  the  cristae,  which  are  approximately  100  A  in 
diameter  and  about  1  micron  long,  are  difficult  to  observe.  There¬ 
fore,  the  disorganization  and  loss  of  cristae  during  early  damage 
must  be  detected  using  electron  microscopy.  The  other  kinds  of  elec¬ 
tron  microscopic  changes  observed  include:  mitochondrial  swelling, 
electron-dense  intraraitochondr ial  granules,  membranous  whorls  in  the 
mitochondria  or  close  to  the  mitochondrial  surfaces,  severely  degen¬ 
erated  mitochondria,  nuclear  chromatin  clumping,  sarcoplasmic  reticu¬ 
lum  dilation,  and  disruption  and  myofibrillar  degeneration. 
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The  response  of  the  myocardium  to  cardiotoxic  agents  varies  con¬ 
siderably  among  animal  species  (Mettler,  Young  and  Ward,  1977).  Fur¬ 
thermore,  major  differences  have  been  found  in  ultrastructural 
changes  among  species  that  have  the  same  gross  pathologic  conditions 
or  are  treated  with  the  same  substances.  Hearse  et  al.  (1976)  found 
rat  and  mouse  hearts  to  be  resistant  to  anoxia,  whereas  guinea  pig 
and  rabbit  hearts  were  susceptible  to  the  early  onset  of  damage  and 
ultrastructural  alterations.  Biochemical  and  physiological  differ¬ 
ences  between  species  can  be  identified  that  may  account  for  some  of 
these  differences.  For  example,  those  species  with  especially  high 
serum  calcium  levels  might  be  more  susceptible  to  damage  fron  cate¬ 
cholamines  because  these  substances  increase  calcium  transraembrane 
Influx. 

Many  pathological  studies  of  the  heart  use  TEM  because:  the  tech¬ 
nique  is  not  difficult  to  perform,  the  resolution  is  much  greater 
than  it  is  with  light  microscopy,  and  many  facilities  doing  pathology 
have  an  electron  microscope.  However,  electron  microscopy  has  some 
disadvantages.  Even  though  it  is  reasonably  rapid  and  simple  to  per¬ 
form  for  a  few  samples,  in  a  screening  program  where  numerous  samples 
are  involved,  the  sample  preparation,  handling,  and  storage  becomes 
difficult  and  time-consuming.  Furthermore,  the  proper  interpretation 
of  early  ultrastructural  changes  may  require  detailed  histopathologi- 
cal  analysis  and  the  interpretation  may  be  subject  to  dispute. 
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Table  A-l  In  Appendix  A  lists  many  of  the  substances  that  have 
been  tested  for  cardiotoxlcity  using  morphological  techniques,  and 
the  animal  species  that  were  examined. 

2.1.3  Vascular  Structural  Changes 

The  techniques  used  in  studying  changes  in  vascular  structure 
involve  morphological  examination  of  vessels  using  either  light  or 
electron  microscopy.  This  examination  of  vessels  has  not  been  lim¬ 
ited  to  the  heart,  but  includes  other  organs  where  the  vessels  are 
easily  examined  microscopically.  The  vessels  that  have  been  examined 
are  found  in  the  following  tissues:  gastrointestinal  mucosa,  kidneys, 
lungs  (McKay,  Linder  and  Cruse,  1971);  mesentery  (Huttner,  Jellinek 
and  Kerenyi,  1968);  buccal  mucosa  (Kahn,  Johnson  and  DeGraff,  1971); 
cremaster  muscle  (Cotran,  1967);  and  skin  folds  (Willms-Kretschmer 
and  Majno,  1969;  Steamer  and  Christian,  1971).  In  some  studies 
(Cotran,  1967;  Steamer  and  Christian,  1971;  Willms-Kretschmer  and 
Majno,  1969),  colloidal  carbon  black  or  stains  (e.g.  ,  Evans  blue)  are 
injected  into  the  circulation  to  label  the  smaller  vessels. 

These  techniques  have  been  used  solely  for  research  purposes  in 
studying  capillary  thrombosis  or  fibrous  tissue  proliferation  and  the 
narrowing  of  the  vessel  lumen  following  damage.  The  techniques  are 
not  uniform  and  would  require  extensive  development  before  they  could 
be  considered  suitable  for  screening  of  chemical  substances  in  a 
testing  program.  Table  B-l  in  Appendix  B  lists  t’ <  techniques 
employed  by  several  investigators  in  studying  vascular  damage. 
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2.1.4  Primary  Heart  Cell  Cultures 

The  toxicity  of  cardioactive  substances  can  be  investigated  by 
examining  primary  cultured  heart  cells  for  cytotoxic  changes.  These 
cultured  cells  have  essentially  the  same  cytologic  features  as  Intact 
tissue  cells  and  exhibit  damage  in  a  similar  manner. 

The  heart  cell  cultures  are  generally  prepared  by  excising  the 
whole  heart  or  the  ventricles  from  the  animal  and  mincing  the  tissue 
with  scissors  or  scalpel  blades.  The  minced  tissue  pieces  are  then 
treated  with  a  proteolytic  enzyme  (e.g. ,  trypsin)  to  loosen  the  tis¬ 
sue  matrix  so  that  the  cells  are  free  to  disperse.  In  most  studies, 
tissues  from  embryonic  or  early  postnatal  hearts  are  used  because  the 
cells  are  more  easily  freed  from  these  tissues  than  from  older  tis¬ 
sues,  and  they  exhibit  better  viability  in  vitro.  The  dispersed 
cells  are  collected  and  cultured  primarily  as  monolayer  sheets, 
although  the  heart  cells  can  be  studied  in  various  other  arrangements 
in  addition  to  monolayer  sheets.  For  example,  the  cells  can  be  sus¬ 
pended  in  culture  media,  plated  on  glass  or  plastic,  or  attached  to 
some  other  substrate,  such  as  thin  filaments,  to  produce  strands  of 
cells.  The  cells  can  also  be  aggreated  to  form  small  spheres 
(Sperelakis  and  McLean,  1978). 

Cultured  heart  cells  have  many  of  the  advantages  of  other  in 
vitro  cellular  systems  in  screening  chemical  substances;  they  are 
easier  to  work  with  than  whole  animals  and  the  cytologic  alterations 
are  not  influenced  by  systemic  effects.  These  cells  are  easily 
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examined  using  either  light-  or  electron  microscopy,  and  the  cyto¬ 
toxic  changes  observed  are  similar  to  those  changes  observed  in 
intact  cells. 

Because  cell  cultures  are  relatively  easy  to  prepare  and  treat, 
many  substances  can  be  screened  at  one  time.  Another  important 
advantage  is  that  nearly  pure  muscle-cell  cultures  can  be  produced 
(Acosta,  Wenzel  and  Wheatley,  1974).  Also,  other  cell  types  (e.g. , 
enothelial  cells)  can  be  easily  distinguished  morphologically  from 
the  muscle  cells  (Sperelakis  et  al. ,  1974). 

There  are,  however,  some  disadvantages  to  heart-cell  cultures. 

A  major  disadvantage  of  all  in  vitro  cellular  cultures  is  the  diffi¬ 
culty  in  extrapolating  the  experimental  results  from  these  single¬ 
cell  systems  to  whole  animals.  The  lack  of  retention  of  the  highly 
differentiated  properties  in  newly-cultured  cells  can  be  a  problem. 
Because  young  heart  tissues  are  used,  the  cultured  cells  are  imma¬ 
ture;  there  is  a  lack  of  myofibril  development  and  a  failure  of  the 
sarcoplastic  reticulum  to  organize.  Some  older  cells  in  culture  show 
morphologic  reversion,  where  there  is  a  loss  of  myofibril  organiza¬ 
tion  and  the  cells  appear  cytologically  the  same  as  young  cells.  The 
cause  of  this  reversion  is  not  clearly  known;  however,  cells  do  tend 
to  retain  their  high  level  of  differentiation  when  the  growth  of  non¬ 
muscle  cells  (e.g.,  fibroblastic  cells)  is  inhibited  either  by  elim¬ 
inating  a  required  nutrient  (e.g.,  arginine)  from  the  culture  media, 
or  by  adding  a  growth-inhibiting  chemical  agent  to  the  media  (Acosta, 
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Wenzel  and  Wheatley,  1974).  Because  most  chemical  inhibitors  exhibit 
some  toxic  effects  on  muscle  cells,  care  should  be  exercised  to  weigh 
these  effects  properly  when  the  final  results  are  interpreted. 

More  developmental  work  is  needed  before  heart-cell  cultures 
will  provide  unequivocal  results  and  be  generally  useful  in  screening 
chemical  substances  for  cardiotoxicity .  There  are  no  standardized 
culture  procedures  for  heart  cells.  Most  cultures  are  done  using 
either  rat  or  chicken  hearts,  although  a  few  other  small  animals  have 
also  been  used  (e.g. ,  mice,  guinea  pigs,  rabbits).  Table  E-l  in 
Appendix  E  lists  a  number  of  substances  that  have  been  examined  using 
cultured  heart  cells. 

2.1.5  Tissue  Explants  and  Perfused  Heart  Preparations 

The  entire  heart  or  tissue  explants  from  various  sites  in  the 
heart  can  be  removed  from  laboratory  animals  and  maintained  in  oxy¬ 
genated  perfusion  media.  The  tissue-explant  techniques  are  used 
principally  to  examine  specialized  functions  in  specific  tissues, 
such  as  the  conduction  velocity  in  the  Purkinje  Fibers,  and  are  not 
used  to  monitor  gross  or  histological  changes. 

Perfused  heart  preparations  have  only  been  examined  to  a  limited 
extent  for  structural  changes  after  chemical  treatment.  They  are  not 
normally  used  for  this  purpose.  Those  that  have  been  examined  have 
shown  ischemic  changes  immediately  following  their  transfer  to  a 
perfusion  apparatus  (Aronson  and  Serllck,  1976).  These  changes  were 
probably  the  result  of  muscle  hypoxia  produced  during  the  transfer  of 


the  heart  from  the  animal  to  a  perfusion  apparatus  without  a  con¬ 
tinuous  supply  of  oxygen.  These  changes  would  limit  the  usefulness 
of  examining  the  muscle  for  structural  changes.  Host  studies  using 
perfused  heart  preparations  have  been  limited  to  examining  the  hearts 
for  metabolic  changes,  although  a  few  investigators  have  also  exam¬ 
ined  the  heart  preparations  for  structural  changes  (Su  and  Chen, 

1979;  Taam  et  al. ,  1979).  A  more  detailed  discussion  of  tissue 
explant  and  perfused  heart  techniques  will  be  presented  in  the  next 
two  sections.  Studies  using  tissue  explants  are  summarized  in  Table 
F-l  and  perfused  heart  techniques  are  summarized  in  Table  F-2  in 
Appendix  F. 

2.1.6  Summary 

The  structural  changes  in  the  heart  for  many  cardiotoxic  sub¬ 
stances  are  well  documented  in  the  literature.  The  techniques  used 
in  gross  observation,  and  light-  and  electron  microscopy,  are  well 
developed.  Gross  observation  is  limited  to  the  description  of  rela¬ 
tively  severe  changes  in  the  heart,  although  it  is  an  essential  part 
of  any  pathologic  examination  procedure.  Light  microscopy  can  detect 
necrotic  changes  in  tissues,  such  as  edema;  disorganization  of 
vesicular  structures;  and  many  cellular  changes,  such  as  vacuoliza¬ 
tion  of  cytoplasm,  myofibril  degeneration  and  other  marked  changes  in 
cellular  morphology.  However,  light  microscopy  is  limited  in  the 

level  of  cellular  structures  that  can  be  resolved.  Lesions  on  the 
o 

order  of  2,000  A  or  less  are  beyond  the  limits  of  light  microscopy 
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and  must  be  resolved  using  electron  microscopy.  This  technique  is 
the  most  useful  method  currently  available  for  detecting  early  struc¬ 
tural  changes.  Many  early  changes  (e.g.,  mitochondrial  changes)  can 
only  be  observed  using  electron  microscopy.  This  technique  is  reas¬ 
onably  rapid  and  simple  to  perform  when  only  a  few  samples  are 
involved;  however,  in  a  screening  program  with  numerous  samples, 
electron  microscopy  would  be  arduous  to  perform.  Light  microscopy  is 
more  simple  to  perform  than  electron  microscopy,  even  though  it  would 
still  be  time-consuming  when  many  samples  are  involved.  However,  it 
may  be  useful  for  interpretating  other  experimental  results  in  a 
screening  program.  Even  though  the  histopathology  of  many  substances 
is  clearly  described  in  the  literature,  the  analysis  of  changes 
induced  by  substances  of  unknown  toxicity  would  be  difficult  in  a 
short-term  screening  program  and  the  interpretation  of  the  results 
would  be  subject  to  dispute. 

The  observation  of  morphological  changes  in  primary  heart-cell 
cultures  would  be  a  worthwhile  aspect  of  the  use  of  this  in  vitro 
system  in  a  screening  program.  Morphological  observation  of  tissue 
explant  and  perfused  heart  preparations  would  be  limited  to  the  con¬ 
firmation  of  functional  and  biochemical  changes  and  would  not  be 
useful  as  an  isolated  monitoring  procedure  when  these  techniques  are 
used. 
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2 . 2  Functional  Testing  Techniques 

The  heart  is  a  dynamic  organ  that  adjusts  to  variable  require¬ 
ments  for  cardiac  output  (i.e.  ,  oxygen  demand)  by  normal  homeostatic 
mechanisms.  These  mechanisms  can  vary  output  as  much  as  five  to 
sixfold,  based  on  normal  demands.  There  are  some  mechanisms  that  pro¬ 
vide  reserve  capacity  to  the  heart  so  that  it  can  cope  with  various 
forms  of  stress,  including  insult  and  damage.  The  mechanisms  of 
reserve  capacity  include  the  following:  increased  heart  rate,  in¬ 
creased  stroke  volume,  increased  oxygen  extraction,  redistribution  of 
blood,  anaerobic  metabolism,  cardiac  dilatation  and  cardiac  hypertro¬ 
phy  (Hurst  et  al.,  1978).  These  mechanisms  are  interrelated  and  have 
varied  influence  on  each  other;  a  change  in  one  may  induce  a  change 
in  another.  They  cannot  be  distinctly  separated  because  of  their 
overlapping  nature;  thus  monitoring  cardiac  function  requires  examin¬ 
ing  and  correlating  multiple  parameters. 

Even  in  severe  cardiac  damage,  the  heart  may  be  able  to  compen¬ 
sate  sufficiently  to  maintain  many  normal  functional  indices.  For 
example,  investigators  (Gould,  Lipscomb  and  Hamilton,  1974)  have 
shown  that  the  resting  blood-flow  rate  remained  normal  in  a  coronary 
artery  until  the  coronary  stenosis  exceeded  85  percent.  One  of  the 
most  serious  conditions  in  the  general  population  is  progressive 
silent  coronary  disease  that  goes  undetected,  mainly  because  of  the 
heart's  ability  to  compensate  for  damage  and  continue  to  function  in 
what  seems  to  be  normal  functional  ranges.  Because  the  heart  has 
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considerable  reserve  capacity  and  resilience,  functional  monitoring 
can  have  only  limited  application  in  a  screening  program.  Screening 
program  techniques  should  detect  early  changes  and  damage  in  the 
heart  to  be  useful;  however,  most  functional  monitoring  has  the  limi¬ 
tation  of  being  insensitive  to  early  cardiac  damage.  The  damage  must 
be  severe  and  advanced  before  functional  parameters  are  significantly 
altered. 

2.2.1  Assessment  of  Cardiac  Function 

When  assessing  cardiac  function,  many  physiological  parameters 
can  be  monitored.  The  most  important  of  these  include  heart  rate, 
arterial  blood  pressure,  left-ventricular  pressure,  aortic  pressure 
and  aortic  flow.  These  few  parameters  can  provide  an  indication  of 
overall  cardiac  function.  One  reason  for  monitoring  left  ventricular 
pressure  is  to  determine  the  left  ventricular  end-diastolic  pressure 
(LVEDP).  Based  on  the  Frank-Starling  Law,  the  LVEDP  is  the  ventricu¬ 
lar  preload;  the  aortic  pressure  is  the  ventricular  afterload.  The 
Frank-Starling  Law  states  that  the  greater  the  heart  is  filled  during 
diastole,  the  greater  will  be  the  quantity  of  blood  pumped  into  the 
aorta.  Starling  was  able  to  show  that  the  presystolic  fiber  length 
correlated  with  cardiac  responsiveness  to  changes  in  venous  input  and 
cardiac  output.  Since  end-diastolic  fiber  length  is  difficult  to 
determine  in  a  functioning  heart,  left  ventricular  end-diastolic 
pressure  is  measured  because  both  are  closely  related.  Nonetheless, 
it  should  be  noted  that  small  changes  in  filling  pressure  are 
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associated  with  significant  Increases  in  cardiac  work  as  fiber  length 
changes.  Any  damage  to  or  loss  of  muscle  fiber  will  decrease  the 
strength  of  ventricular  contraction. 

The  afterload  is  the  peripheral  vascular  resistance  against 
which  the  ventricles  contract.  The  major  factors  producing  afterload 
for  the  left  ventricle  are  aortic  impedance,  .peripheral  vascular 
resistance,  and  the  mass  and  viscosity  of  the  blood.  The  afterload 
influences  the  systolic  emptying  of  the  ventricles  and  indirectly 
influences  the  character  of  the  next  ventricular  beat. 

2.2.2  Functional  Monitoring 

Most  monitoring  of  cardiovascular  function  in  laboratory  animals 
is  accomplished  using  invasive  procedures.  Much  of  the  early  moni¬ 
toring  of  cardiovascular  function,  particularly  during  the  elucida¬ 
tion  of  cardiovascular  physiology,  was  done  on  laboratory  animals 
under  general  anesthesia  with  the  chest  open,  and  the  necessary  in¬ 
strumentation  was  applied  directly  to  the  heart  or  vessels  (Vatner, 

1978) .  For  instance,  the  cardiac  contractile  force  and  heart  rate 
can  be  measured  with  a  strain-gauge  arch,  sutured  directly  to  the 
left  ventricle  (Hu  and  Williams,  1971;  Eikenburg  and  Stickney, 

1979) ;  and  the  left  ventricular  pressure  can  be  measured  by  punctur¬ 
ing  the  ventricle  with  a  needle  attached  directly  to  s  pressure 
transducer  (Dowell,  Cutilletta  and  Sodt ,  1975).  These  procedures 
have  the  disadvantage  of  potentially  altering  the  cardiovascular 


dynamics  being  monitored.  The  recently  developed  techniques  using 


catheters  employing  electrical  transducers  to  monitor  pressure  and 
flow  have  increased  the  ease  of  monitoring  cardiac  function.  Most  of 
the  pressure  and  flow  monitors  are  maneuvered  f luoroscopically  into 
position,  or  they  are  surgically  implanted  and  provide  an  opportunity 
for  continuous  monitoring.  The  invasive  monitoring  techniques  are 
not  uniform;  indeed,  they  usually  vary  from  one  researcher  to 
another.  Also,  a  researcher  may  use  a  combination  of  open-chest 
procedures,  catheters,  manometers  and  specialized  mechanical  gauges, 
and  a  combination  of  both  invasive  and  noninvasive  techniques.  When 
catheters  are  used,  the  positioning  in  the  heart  or  vasculature  will 
depend  upon  the  researcher's  judgement  and  preferences,  the  experi¬ 
mental  design  and  the  species  of  animal  used.  The  surgical  proce¬ 
dures  used  for  implantation  will  also  vary  from  one  researcher  to 
another  (Eikenburg  and  Stickney,  1979;  Scott  and  Cowley,  1969;  Rowe 
et  al.,  1963;  Pasyk  et  al. ,  1971;  Regan  et  al. ,  1969;  Brobmann,  et 
al. ,  1970;  Cramlet,  Erickson  and  Gorman,  1975). 

Many  functional  indices  are  calculated  from  parameters  that  are 
measured.  These  include  cardiac  output,  cardiac  index,  mean  cardiac 
power,  cardiac  work,  stroke  volume  and  total  peripheral  resistance. 
Cardiac  output — the  volume  of  blood  per  minute  the  heart  pumps — is  a 
common  parameter  determined  to  assess  cardiac  function,  and  provides 
a  general  indication  of  overall  function.  Cardiac  output  has  been 
determined  by  the  direct  Fick  techniques  (Walsh,  Tsuchiya  and 
Frohlick,  1976;  Rowe,  et  al.,  1963;  Scott  and  Cowley,  1969;  Adams  and 
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Cole,  1975),  using  either  dye  dilution  or  isotope  dilution  (Liu, 

1976;  Pasyk,  et  al. ,  1971;  Rowe  et  al. ,  1963;  Taylor  and  Drew,  1975; 
Morvai  and  Ungvary,  1979);  or  by  indirect  calculation  from  other 
functional  parameters  (Dowell,  Cutilletta  and  Sodt,  1975;  Cramlet, 
Erickson  and  Gorman,  1975;  Brobmann,  et  al. ,  1970).  The  Fick 
principle  states  that  cardiac  output  is  equal  to  oxygen  consumption, 
divided  by  arterial-blood  oxygen  content,  minus  venous  blood  oxygen 
content  (Hurst  et  al. ,  1978).  Therefore,  using  the  Fick  technique 
requires  accurate  determination  of  oxygen  consumption  for  the 
laboratory  animal  and  accurate  determinations  of  arterial  and  venous 
blood  oxygen  content.  Accurate  determination  of  oxygen  consumption 
in  laboratory  animals  can  be  particularly  difficult  and  requires  the 
use  of  an  enclosed  or  regulated  breathing  system. 

The  dilution  techniques  depend  upon  determining  the  concentra¬ 
tion  of  a  dye,  isotope  or  other  substance  at  various  time  intervals 
downsteam  from  the  point  of  injection.  When  the  indicator-dilution 
curve  is  plotted  to  give  the  rate  of  dilution,  the  mean  volume  rate 
of  the  blood  flow  can  be  calculated.  The  mean  volume  rate  of  flow  is 
the  same  as  the  cardiac  output  (i.e.,  the  volume  of  blood  pumped  by 
the  heart  each  minute).  Once  the  cardiac  output  has  been  determined, 
the  cardiac  index  is  calculated  by  dividing  the  cardiac  output  by  the 
body  surface  area.  The  mean  cardiac  index  for  normal  rhesus  macaques 
(2. 5-5.6  kg  -  female)  has  been  found  to  be  4.58  +  0.83  liters/minute 
for  each  square  meter  of  body  surface  area  (L/min  m^).  The  range 
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for  the  cardiac  index  was  3.0-6. 3  L/min  m^  (Liu,  1977),  which  shows 
the  variability  of  normal  baseline  values,  depending  on  the  animal 
used  and  other  experimental  variables.  The  formulas  for  calculating 
functional  indices  (Liu  and  Williams,  1971)  from  the  values  for  heart 
rate,  mean  blood  pressure  and  cardiac  output  are  shown  in  Table  2-1. 

Normal  baseline  values  have  not  been  determined  for  the  func¬ 
tional  parameters  monitored  in  most  laboratory  animals,  so  abnormal 
values  have  not  been  investigated  for  known  cardiotoxic  agents. 
Baseline  values  could  conceivably  be  established  for  specific  strains 
of  animals  used  in  a  screening  program,  and  in  most  studies  they  are 
determined  for  control  animals.  Measurements  of  cardiovascular  func¬ 
tion  which  have  been  performed  in  animals  using  both  invasive  and 
noninvasive  techniques  are  outlined  in  Table  C-l  in  Appendix  C. 

2.2.3  Electrocardiography 

The  transmission  of  a  depolarization  wave  through  the  heart 
causes  electrical  currents  to  spread  into  tissues  surrounding  the 
heart.  This  current  is  conducted  to  the  surface  of  the  skin,  where 
it  can  be  monitored.  The  recording  of  these  electrical  potentials 
generated  by  the  heart  from  the  surface  of  the  skin  is  called  elec¬ 
trocardiography  (ECG). 

The  normal  electrocardiogram  is  composed  of  a  P  wave,  a  QRS  com¬ 
plex  and  a  T  wave.  Most  mammalian  electrocardiograms  have  these  same 
basic  patterns  since  most  mammalian  hearts  have  similar  structure. 
However,  there  are  important  variations  from  species  to  species  in 
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Che  patterns  observed.  The  P  wave  is  caused  by  the  electrical  cur¬ 
rents  from  the  atria  as  they  depolarize  prior  to  contraction.  The 
QRS  complex  is  actually  composed  of  three  separate  waves  (i.e.,  the 
Q,  R  and  S  waves)  caused  by  currents  from  the  ventricles  as  they  de¬ 
polarize  prior  to  contraction.  The  T  wave  is  caused  by  the  repolar¬ 
ization  of  the  ventricle.  The  atria  also  repolarize  to  form  a  T 
wave;  however,  this  occurs  at  approximately  the  same  time  as  the  QRS 
complex  and  is  almost  always  totally  obscured  (Hurst,  1978;  Rabkin  et 
al.,  1979;  Balazs,  1973). 

The  intensity  of  the  waves  (i.e. ,  the  amount  of  voltage  re¬ 
corded),  and  the  distance  between  wave  patterns,  will  depend  on  the 
animal  species  used,  the  distance  at  which  the  electrodes  are  placed 
from  the  heart,  and  the  orientation  of  the  electrodes  relative  to  the 
heart.  The  greater  the  distance  the  electrodes  are  placed  from  the 
heart,  the  lower  the  current  will  be  on  the  skin  surface.  The  stan¬ 
dard  placement  of  the  electrodes  is  one  on  each  forelimb  and  one  on 
the  left  hind  limb.  This  is  Einthoven's  triangle,  superimposed  on 
the  chest  and  limbs  of  the  animal  being  monitored.  It  does  not  mat¬ 
ter  much  which  ECG  lead  is  monitored  in  a  study  screening  for  damage 
because  all  the  leads  give  similar  wave  patterns,  although  amplitudes 
vary  according  to  which  lead  is  monitored.  When  damage  is  detected, 
one  lead  may  be  better  for  monitoring  a  specific  area  of  damage  than 
another.  In  most  studies,  only  Lead  II  is  used  to  record  ECG,  re¬ 
cording  the  potential  difference  between  the  electrodes  on  the  right 
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forelimb  and  the  left  hind  limb.  The  left  hind  limb  has  been 


selected  (by  Einthoven)  as  the  positive  electrode  providing  for  a 
positive  deflection  of  the  QRS  complex  (Hurst,  1978). 

Any  pharmacologic  or  toxic  effect  to  the  heart  that  alters  the 
sequence  and/or  the  rate  of  depolarization  and  repolarization  will 
alter  the  ECG.  Pharmacologic  effects  will  be  reversible,  while  toxic 
effects  where  damage  is  produced  will  not,  since  the  damage  has 
permanently  altered  the  sequence  of  depolarization  and  repolarization 
in  the  myocardium.  For  example,  if  the  ventricular  muscle  is  suffi¬ 
ciently  damaged  (e.g. ,  myocardial  infarction.  Digitalis  intoxication 
to  disrupt  the  normal  depolarization  sequence  in  the  ventricles 
then  the  QRS  complex  will  be  altered.  Depending  upon  the  type  of 
damage  and  the  species  of  laboratory  animal  used,  many  different 
abnormalities  can  be  observed,  the  most  common  being  unusually 
prominent  waves,  prolonged  waves,  or  inverted  waves  and  decreased 
amplitude. 

Electrocardiography  is  easy  to  perform  and  does  not  require 
invasive  techniques.  The  most  common  procedures  involve  the  use  of 
needle  electrodes  inserted  in  the  skin  after  the  animal  has  been 
lightly  anesthetized  (e.g..  Nembutal).  The  animals  can  also  be 
trained  to  allow  use  of  the  electrodes  without  anesthesia,  or  if 
repeated  or  continuous  monitoring  is  required,  the  electrodes  can  be 
surgically  implanted. 
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Because  the  ECG  is  easy  to  perform,  many  animals  can  be  moni¬ 
tored  in  a  short  period  of  time  (i.e.,  a  few  hours).  Furthermore,  a 
single  animal  can  be  monitored  many  times  throughout  a  program  since 
the  procedure  causes  minimal  damage  to  the  animal,  depending  upon  the 
techniques  used  to  place  the  electrodes.  ECG  is  a  common  monitoring 
technique  that  has  been  used  in  most  laboratory  animal  species,  most 
commonly  the  rat,  dog,  rabbit,  and  monkey;  therefore,  normal  ECG  pat¬ 
terns  are  well  known  for  these  animal  species.  Accordingly,  impor¬ 
tant  intraspecies  variations  have  been  observed. 

The  most  severe  disadvantage  of  ECG  techniques  is  that  they  seem 
to  be  insensitive  to  early  damage.  The  damage  must  be  moderate  to 
severe  to  disrupt  the  normal  current  sequences,  except  possibly  when 
changes  occur  in  the  specialized  conduction  tissue  (e.g. ,  His  bun¬ 
dle),  which  seems  to  be  more  sensitive  to  some  toxicants  than  the 
myocardium,  and  may  exhibit  more  immediate  ECG  changes  in  the  form  of 
prolonged  conduction  intervals.  For  example,  Kopp  and  Hawley  (1978) 
showed  progressive  increases  in  PR  intervals  in  rats  exposed  for  71 
days  to  low  levels  of  cadmium  in  drinking  water.  The  PR  interval 
measures  conducted  time  through  the  atrio-ventricular  conduction  tis¬ 
sue.  ECG  conduction  intervals,  reflecting  the  sensitivity  of  the 
specialized  conduction  tissue  to  toxicants,  may  prove  to  be  more 
sensitive  in  detecting  subtle  toxic  changes  than  the  traditional  mea¬ 
surements  of  wave  amplitude.  The  conduction  interval  measurements 
are  most  reliable  when  repeated  measurements  are  made  in  the  same 


experimental  animal.  Nonetheless,  in  traditional  ECC  studies,  the 
damaged  area  in  the  myocardium  must  be  large  since  small  current 
changes  are  difficult  to  monitor  and  discriminate  from  artifacts  of 
the  technique.  Such  artifacts  can  be  produced  by  not  having  the 
electrodes  placed  at  exactly  the  same  position  on  each  animal,  not 
having  each  of  the  electrodes  attached  properly,  or  by  animal  move¬ 
ment  during  recording.  These  difficulties  can  vary  the  configuration 
of  the  QRS  complex  or  the  T  wave  and  make  quantitation  of  ECG's 
between  animals  difficult  (Page  et  al.  ,  1979). 

Finally,  in  the  same  species,  the  size  of  the  animal  will  also 
change  the  ECG  because  as  the  distance  from  the  heart  increases,  the 
potential  decreases.  Furthermore,  the  equipment  used  for  monitoring 
is  not  uniform,  and  small  laboratory  animals  with  rapid  heart  rates 
require  more  sophisticated,  rapid-recording  equipment  than  do  larger 
animals.  Vanarsdel  (1979)  is  currently  investigating  the  possibility 
of  monitoring  experimental  animals,  using  the  standard  limb-leads  and 
an  additional  forelimb-prescapular  lead  to  give  two  planes  of 
Einthoven  triangles  and  measure  three  dimensional  cardiac  electrical 
activity.  The  three-dimensional  ECG  data  require  computer  analysis. 
This  modified  technique  or  some  other  future  technique,  such  as  moni¬ 
toring  His  bundle  conduction  tissue,  may  prove  more  sensitive  than 
current  techniques  and  be  capable  of  detecting  early  damage  to  the 
heart. 


33 


2.2.4  Cultured  Heart  Cells 

Heart  cells  begin  beating  soon  after  they  are  cultured.  There¬ 
fore,  the  cells'  beating  activity  and  electrical  properties  can  be 
examined  for  cytotoxic  response  when  the  cultures  are  treated  with 
chemical  substances.  For  example,  treating  myocardial  cells  with 
ouabain  leads  to  arrhythmias,  with  eventual  cessation  of  the  beating 
activity  (Coshima,  1975). 

Heart  cells  can  continue  beating  in  culture  for  periods  as  long 
as  ten  to  twelve  weeks  (Harary,  Fujimoto,  and  Kuramitsu,  1964; 

Acosta,  Wenzel  and  Wheatley,  1974).  Individual  myocardial  cells  beet 
at  very  different  rates.  When  cells  come  into  contact  with  each 
other,  their  rate  of  beating  becomes  synchronous.  Consequently,  when 
aggregates  are  formed,  they  begin  beating  as  a  single  mass.  The  elec¬ 
trical  properties  of  the  single  cells,  monolayers  or  more  complex 
aggregates,  such  as  spheres,  can  be  measured  using  microelectrodes. 

The  beating  and  electrical  properties  of  the  heart  cells  are 
monitored  using  photoelectric  techniques  and  raicroelectrodes, 
respectively.  One  difficulty  is  that  the  cells  can  become  electro- 
mechanically  uncoupled  and  do  not  contract  even  though  they  still 
have  normal  firing  action.  For  this  reason  and  because  of  the  vari¬ 
ations  encountered  in  beating  rates  among  cells,  monitoring  beating 
activity  and  electrical  activity  to  detect  toxic  effects  is  not  as 
reliable  as  some  other  cellular  parameters  (i.e.,  enzyme  leakage). 
Nevertheless,  there  have  been  some  recent  improvements  in  monitoring 
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beating  and  electrical  activity  (Wenzel  and  Kleoppel,  1978;  Auclair 
and  Vernimmen,  1980;  Vernimmen  and  Auclair,  1980).  The  factors  that 
influence  beating  and  electrical  activity  in  the  myocardial  cells  are 
not  well  understood. 

2.2.5  Tissue  Explants  and  Perfused  Heart  Preparations 

The  perfused  heart  and  explanted  tissues  from  the  heart  will 
beat  spontaneously  when  maintained  with  oxygenated  perfusion  media. 
The  functional  properties  can  then  be  examined.  Some  of  the  tissue 
explants  that  have  been  examined  include:  papillary  muscle,  Purkinje 
fibers  (Bigger  and  Jaffe,  1971;  Friedman  et  al. ,  1973;  Wit,  Steiner 
and  Damato,  1970;  Freer  et  al. ,  1976),  His  bundle  fibers  (Lazzara  et 
al.,  1976)  and  aorta  segments  (Wohl,  Hausler  and  Roth,  1968b;  Lundy, 
1978;  Bult  and  Bonta,  1976;  Orter,  Miya  and  Bousquet,  1975). 

The  tissue  explant  techniques  are  valuable  for  examining  spe¬ 
cialized  function  in  specific  tissues,  such  as  the  conduction  velo¬ 
city  in  the  Purkinje  fibers,  although  the  metabolism  found  in  tissue 
explants  might  be  quite  different  from  that  found  in  intact  tissue  in 
a  functioning  organ.  Some  of  the  biochemical  changes  observed  in 
tissue  explants  are  probably  the  result  of  tissue  damage  inflicted 
during  the  surgical  explant  procedures;  thus  alterations  in  func¬ 
tional  parameters  may  also  be  technique  artifacts  and  may  result  from 
effects  of  toxic  substance  exposure.  Nevertheless,  the  functional 
changes  monitored  in  tissue  explants  are  difficult  to  interpret 


without  a  better  understanding  of  the  mechanisms  involved,  and  with¬ 
out  further  development  they  would  not  be  useful  in  a  screening 
program. 

Many  investigators  have  monitored  the  perfused  heart  for  func¬ 
tional  parameters  such  as  flow  rate,  beating  activity,  contraction 
force  and  electrical  activity  (see  Table  F-2,  Appendix  F).  In  most 
studies,  the  flow  rates  are  regulated  using  a  stopcock  and  the  pres¬ 
sure  is  monitored  using  a  pressure  transducer.  The  contraction  fore e 
(systolic  tension)  is  normally  measured  using  an  apical  ligature  con¬ 
nected  to  a  force  transducer. 

Electrocardiographic  recordings  are  made  by  positioning  elec¬ 
trodes  on  the  heart  surface  for  optimal  ECG  amplitude  in  a  lead  II  - 
type  configuration.  In  perfused  hearts.  His  bundle  electrograms 
(HBE)  are  also  made  where  the  inferior  vena  cava  is  trimmed  near  the 
right  atrium  and  an  electrode  is  positioned  in  the  intra-atrial 
septal  region  and  adjusted  to  maximize  amplitude.  The  reference 
electrode  is  suspended  in  the  electrolyte  solution  in  the  heart 
chamber  (Kopp  et  al. ,  1978).  HBE  measures  intra-atrial  conductivity 
(P-A  interval)  and  conduction  times  through  the  A-V  node  (A-H  inter¬ 
val)  and  the  His-Purkinje  system  (H-V  interval).  Damage  or  altera¬ 
tions  in  conduction  in  these  systems  can  be  detected  in  the  HBE. 

Aronson  and  Serlick  (1976)  examined  perfused  rat  heart  prepara¬ 


tions  to  determine  the  effects  of  perfusion  on  the  physiological  and 
biochemical  state  of  the  isolated  preparations.  This  was  done  to 
determine  if  perfused  heart  preparations  might  provide  a  reliable  in 


vitro  system  for  screening  chemical  agents  for  cardiotoxicity.  They 
found  that  the  isolated  perfused  heart  remained  relatively  stable 
biochemically  over  the  period  of  study  (4  hours).  The  metabolite 
concentrations  and  phosphorylase  activity  showed  only  minor  changes 
with  the  exception  of  glycogen,  which  decreased  significantly  after  3 
hours  of  perfusion.  During  the  first  hour  of  perfusion  there  was  a 
50  percent  decrease  in  creatine  phosphate  which  continued  to  decrease 
slightly  throughout  the  remainder  of  the  study.  The  heart  rate  de¬ 
creased  slowly  to  86  percent  of  the  initial  rate  after  4  hours.  Sig¬ 
nificant  changes  in  coronary  flow  were  observed  after  the  first  2 
hours  of  perfusion  and  the  isometric  systolic  tension  (contraction 
force)  decreased  significantly  throughout  the  study  to  approximately 
35  percent  of  the  initial  value. 

Properly  prepared  perfusate  for  the  heart  preparations  is  essen¬ 
tial  for  maintaining  stable  viable  preparations.  For  example,  Kopp 
(1980)  has  found  that  the  use  of  bicarbonate  and  phosphate  buffers 
may  cause  loss  of  calcium  from  the  perfusate  as  calcium  precipitates, 
which  leads  to  a  loss  of  functional  stability  in  the  preparation. 

When  a  Tris-HCl  buffer  is  used  (Kopp  et  al.,  1978;  Kopp,  1980),  prep¬ 
aration  functional  stability  is  maintained  for  more  than  three  hours 
(after  three  hours,  systolic  tension  is  86  percent  of  control). 

Perfused  heart  preparations,  although  involved,  may  provide  a 
useful  system  for  screening  substances  for  cardiotoxic  potential. 

The  studies  using  perfused  heart  techniques  are  summarized  in  Table 
E-2  in  Appendix  E. 
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2.2.6  Summary 

The  techniques  necessary  for  monitoring  functional  parameters 
are  complex,  many  requiring  surgical  intervention,  and  are  varied, 
depending  on  the  skill  and  preferences  of  the  researcher.  Baseline 
values  for  normal  laboratory  animals  are  generally  unavailable. 
Baseline  values  could  conceivably  be  established  for  specific  strains 
of  animals  used  in  a  screening  program,  and  in  most  studies  they  are 
determined  for  control  animals.  However,  because  of  the  heart’s  con¬ 
siderable  reserve  capacity  and  resilience,  temporary  abnormal  values 
following  exposure  to  a  chemical  agent  cannot  be  ascribed  solely  to 
damage,  but  may  be  the  result  of  pharmacologic  action.  Early  damage 
to  the  heart  usually  does  not  alter  functional  parameters.  There¬ 
fore,  the  measurement  of  functional  parameters  as  an  indication  of 
myocardial  damage  may  have  limited  application  in  a  short-term  chemi¬ 
cal  screening  program  except  where  the  detection  and  monitoring  of 
severe  damage  is  necessary. 

Electrocardiographic  techniques  would  have  only  limited  appli¬ 
cation  in  a  short-term  screening  program  for  cardiotoxicity.  Since 
ECG  is  insensitive  to  early  cardiac  damage,  its  main  application 
would  be  in  detecting  severe  degenerative  changes  that  would  be 
expressed  in  the  heart  in  a  relatively  short  period  of  time  (i.e., 
hours  to  days).  Nevertheless,  ECG  is  useful  in  monitoring  for 
pharmacologic  effects  such  as  increased  rate  and  force  of  contradic¬ 
tion.  Many  toxic  substances  produce  pharmacologic  effects  which  may 
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need  to  be  monitored  during  a  screening  program.  Vanarsdel  (1979)  is 
currently  investigating  the  possibility  of  monitoring  experimental 
animals  by  measuring  three  dimensional  cardiac  electrical  activity. 
The  three  dimensional  ECG  data  requires  computer  analysis.  This  mod¬ 
ified  technique  or  some  other  future  technique  such  as  monitoring 
solely  His  bundle  conduction  tissue  may  prove  more  sensitive  than 
current  techniques  and  be  capable  of  detecting  early  damage  to  the 
heart.  The  disadvantage  of  the  more  elaborate  ECG  techniques  is  that 
they  require  greater  data  processing  capabilities  and  this  would  tend 
to  limit  their  usefulness  in  a  screening  program. 

The  beating  and  electrical  activity  of  cultured  heart  cells  ex¬ 
posed  to  cardiotoxic  substances  can  be  monitored  as  indicators  of 
functional  toxic  effects.  However,  these  parameters  are  not  as  reli¬ 
able  in  the  detection  of  toxic  effects  as  the  monitoring  of  other 
cellular  parameters,  such  as  enzyme  leakage  from  the  cultured  heart 
cells. 

The  perfused  heart  preparations  are  stable  systems  for  func¬ 
tional  monitoring  and  can  provide  unique  opportunities  for  studying 
metabolic  alterations  affecting  functional  parameters;  therefore, 
most  past  studies  focused  on  biochemical  alterations  in  metabolism, 
which  affect  contraction  force  or  function  viability. 

2.3  Biochemical  Techniques 

Damage  in  the  heart  increases  some  serum  enzyme  levels  and  is 
associated  with  substantial  increases  in  tissue  electrolyte  levels  in 
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the  affected  tissue.  Therefore,  increases  in  serum  enzyme  levels  and 
tissue  electrolyte  levels  can  provide  an  indication  of  cardiotoxi- 
city.  The  effectiveness  of  using  biochemical  methods  to  monitor  for 
damage  in  the  heart  is  dependent  upon  the  specificity  of  the  sub¬ 
stance  monitored  (e.g.,  lactic  dehydrogenase  for  the  heart),  the 
intensity  of  the  biochemical  alterations,  and  the  ability  to  assay 
for  the  substance  in  body  fluids  or  tissues. 

2.3.1  Serum  Enzymes 

When  cells  are  damaged,  enzymes  from  the  cell  leak  through  the 
cell  membranes  into  the  blood  stream,  thereby  increasing  serum  enzyme 
concentrations.  Heart  muscle  tissue  has  high  levels  of  creatine 
phosphokinase  and  intermediate  levels  of  lactic  dehydrogenase 
(Coodley,  1970),  both  of  which  leak  into  the  blood  stream  when  the 
myocardium  is  damaged.  These  two  enzymes  are  currently  the  only  ones 
that  are  monitored  in  animal  studies  for  an  indication  of  cardiac 
damage . 

Lactic  dehydrogenase  (LDH)  is  widespread  in  the  body  and  is  con¬ 
tained  in  a  number  of  tissues  in  the  body  besides  the  heart  muscle. 
Disease  and  damage  to  organs  and  tissues  other  than  the  heart  can 
cause  elevations  in  serum  LDH.  Pulmonary,  hepatic,  renal  and  muscle 
damage  and  disease,  anemia  and  other  blood  disorders  cause  increases 
in  serum  LDH  levels  (Coodley,  1970).  This  lack  of  specificity  is  a 
problem  in  monitoring  LDH  for  an  indication  of  damage  solely  in  the 
heart.  LDH  in  serum  can  be  separated  into  five  different  components 
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by  electrophoresis.  Each  fraction  is  called  an  isoenzyme.  The  iso¬ 
enzyme  LDHi  has  been  found  to  be  specific  for  the  damaged  myocard¬ 
ium  and  shows  promise  in  cardiac  monitoring,  although  only  limited 
monitoring  of  this  isoenzyme  has  been  made  in  animals  (Tacker,  Van 
Vleet  and  Geddes,  1979).  It  is  released  primarily  by  the  heart; 
however,  damage  to  red  blood  cells  and  renal  cortical  injury  also 
increase  serum  LDHj  levels.  Either  LDH  or  LDHj  has  been  moni¬ 
tored  in  dogs  (Tacker,  Van  Vleet  and  Geddes,  1979),  rabbits  (Olson  et 
al.,  1974)  and  rats  (Olson  and  Capen,  1978)  during  cardiotoxicity 
studies.  However,  neither  LDH  nor  LDHj  have  been  monitored 
sufficiently  in  laboratory  animals  to  be  immediately  useful  in  a 
screening  program. 

Serum  LDH  activity  in  quantified  spectrophotometrically  by 
following  the  reduction  of  the  coenzyme  nicotinamide  adenine 
denucleotide  phosphate  (NAD)  as  lactate  is  oxidized  to  pyruvate 
(Coodley,  1970).  LDHi  is  relatively  easy  to  quantify  because  it  is 
more  "heat-stable"  than  the  other  four  isoenzymes  and  resists 
denaturation  at  65°C  where  the  activity  of  the  others  is  destroyed. 
For  this  reason  it  is  not  necessary  to  separate  the  isoenzymes  by 
electrophorsis  to  quantify  LDHj. 

Creatine  phosphokinase  (CPK)  is  found  In  high  concentrations  in 
the  heart  muscle  and  in  skeletal  muscle.  It  is  a  specific  enzyme  for 
muscle  tissue  (Coodley,  1970).  Monitoring  serum  CPK  can  provide 
direct  indication  of  damage  to  the  myocardium;  however,  skeletal 
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muscle  should  also  be  monitored  concurrently  for  degenerative  changes 
since  trauma  to  the  muscle  or  muscle  diseases  in  skeletal  muscle  can 
cause  increases  in  serum  CPK.  Also,  thyroid  and  some  brain  diseases 
can  cause  increases  in  CPK  levels. 

Serum  CPK  determinations  involve  the  formation  of  creatine  and 
adenosine  triphosphate  (ATP).  Glucose-6-phosphate  is  then  formed 
from  the  reaction  of  ATP  with  glucose  hexokinase,  which  reduces  nico¬ 
tinamide  adenine  denucleotide  phosphate  (NADP).  The  reduction  of 
NADP  is  followed  spectrophotometrically  at  340(jm  .  Another  similar 
procedure  is  available  for  CPK  determination,  where  the  oxidation  of 
the  coenzyme  nicotinamide  adenine  dinucleotide  (NADH)  is  followed 
(Coodley,  1970). 

The  ratio  of  the  CPK  isoenzymes  MM  and  MB  has  been  primarily 
monitored  in  humans,  although  in  a  few  studies  it  has  been  moni¬ 
tored  in  dogs  (Tacker,  Van  Vleet,  and  Geddes,  1979).  As  with  LDH, 
there  has  been  insufficient  monitoring  in  laboratory  animals  of  CPK 
or  the  isoenzymes  of  CPK  to  be  immediately  useful  in  a  screening 
program.  When  laboratory  animals  were  treated  with  adriamycin, 
increased  levels  of  both  LDH  and  CPK  were  measured  (Olson  and  Capen, 
1978).  During  chronic  feeding  studies,  significant  elevations  were 
observed  immediately  following  the  earliest  detectable  ultrastruc- 
tural  changes  (i.e.,  sarcotubular  dilatation);  however,  other  inves¬ 
tigators  (Tacker,  Van  Vleet  and  Geddes,  1979)  have  found  serum  enzyme 
changes  insensitive  to  early  mild  cardiac  damage.  With  additional 
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development,  monitoring  of  serum  enzymes  may  prove  to  be  a  sensitive 
method  for  detecting  myocardial  damage.  The  first  step  in  determin¬ 
ing  their  sensitivity  for  detecting  damage,  however,  is  to  establish 
normal  baseline  values  for  laboratory  animals. 

2.3.2  Electrolyte  Levels 

The  monitoring  of  tissue  electrolyte  levels  has  been  used  to 
detect  damage  in  the  myocardium.  In  a  number  of  studies,  investiga¬ 
tors  have  detected  significant  alterations  in  tissue  electrolyte 
levels  in  damaged  tissue;  for  example,  in  the  ischemic  and  damaged 
heart  muscle,  increased  levels  of  sodium  and  calcium  and  decreased 
levels  of  potassium  and  magnesium  have  been  detected  (Shen  and 
Jennings,  1972).  In  studies  of  myocardial  necrosis  induced  with 
isoproterenol  (Lehr  et  al. ,  1966;  Fleckenstein  et  al. ,  1973;  Bloom 
and  Davis,  1972),  adriamycin  (Olson  and  Capen,  1978;  Olson  et  al. , 
1974)  and  vascular  occlusion  (Lehr  and  Chau,  1973),  increases  were 
observed  in  the  myocardial  tissue  concentrations  of  sodium  and 
calcium,  and  decreases  were  observed  in  potassium  and  magnesium. 
Tissue  electrolyte  levels  are  determined  by  either  flame  photometry 
or  atomic  absorption  spectrometry. 

Many  investigators  (Ito  and  Chidsey,  1972;  Bloom  and  Davis, 

1972;  Shen  and  Jennings,  1972;  Fleckenstein  et  al. ,  1973)  have  re¬ 
ported  increased  levels  of  calcium  in  the  myocardium  following  cellu¬ 
lar  damage.  The  administration  of  beta-sympathomimetic  catechola¬ 
mines  increases  the  force  of  the  beating  heart  by  increasing  calcium 
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transmembrane  influx  and  can  lead  to  calcium  loading  in  the  heart 
cells . 

Excessive  increases  in  calcium  can  damage  the  myocardium, 
besides  leading  to  contractile  failure  by  depleting  high-energy 
phosphate  stores,  i.e.,  adenosine  triphosphate  (ATP)  and  creatine 
phosphate  (Rona,  et  al.,  1959). 

The  tissue  electrolytes  normally  monitored  for  cardiac  damage 
are  calcium,  sodium,  potassium  and  magnesium.  These  have  been  moni¬ 
tored  in  rats,  guinea  pigs,  rabbits  and  dogs.  Calcium  is  the  elec¬ 
trolyte  most  commonly  monitored.  The  difficulty  in  using  calcium 
levels  as  an  indicator  of  myocardial  damage  is  that  calcium  levels  in 
the  myocardium  will  not  vary  much  as  long  as  there  is  sufficient  ATP 
available  for  calcium  extrusion  from  the  myocardial  fibers.  When  ATP 
levels  do  fall  too  low,  then  major  increases  in  intracellular  calcium 
concentrations  are  observed  (Fleckenstein,  et  al.,  19741.  Determina¬ 
tion  of  calcium  levels  in  the  myocardium  can  provide  an  indication  of 
damage;  however,  baseline  information  concerning  normal  tissue 
calcium  concentrations  are  unavailable  and  the  factors  controlling 
intracellular  calcium  levels  are  not  well  understood. 

The  ischemic  and  damaged  heart  is  characterized  not  only  by 
increased  levels  of  calcium  but  by  increased  levels  of  sodium  and 
tissue  water  and  decreased  levels  of  potassium  and  magnesium.  Inves¬ 
tigators  (Olson  and  Capen,  1978;  Olson  et  al . ,  1974)  have  shown 
marked  elevations  of  sodium,  calcium  and  tissue  water  in  the 
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ventricular  myocarditan  with  the  accompanying  morphologic  evidence  of 
tissue  damage  (e.g.,  myocyte  vacuolization,  edema,  fibrosis)  in 
animals  administered  adriamycin.  There  were  also  major  decreases  in 
the  levels  of  potassium  and  magnesium.  The  measurement  of  elevated 
tissue  electrolyte  levels  in  the  myocardium  as  an  indication  of 
damage  may  prove  useful  in  the  evaluation  of  potential  cardiotoxic 
substances  in  acute  studies  when  more  baseline  information  has  been 
obtained;  however,  procedures  are  insufficiently  developed  to  be 
useful  in  a  chemical  screening  program.  Lehr  has  recently  completed 
studies  (1980)  which  show  that  monitoring  tissue  electrolyte  levels 
in  heart  tissue  is  a  very  sensitive  technique  for  detecting  early 
subtle  damage,  and  is  more  sensitive  than  serum  enzyme  levels  in 
monitoring  cardiac  damage.  This  seems  to  be  especially  true  of 
tissue  magnesium  loss  which  seems  to  be  a  very  sensitive  indicator  of 
early  myocardial  damage  (Lehr  et  al.,  1975;  Lehr,  1980;  Lukacsko, 
1979). 

A  major  difficulty  in  monitoring  tissue  electrolyte  levels  is 
that  the  myocardial  electrolyte  homeostatic  mechanisms  interfere  with 
electrolyte  determinations  for  periods  longer  than  a  few  days.  Some 
chronic  studies  (Lehr  and  Chau,  1973;  Shen  and  Jennings,  1972)  have 
reported  no  significant  changes  in  electrolyte  levels  in  damaged 
animals.  Care  should  be  exercised  in  the  interpretation  of  tissue 
electrolyte  changes  since  some  changes  may  not  be  biologically  sig¬ 
nificant.  Consequently,  studies  of  tissue  electrolyte  changes  should 
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be  corroborated  with  other  studies  examining  structural  or  functional 
parameters.  Serum  electrolyte  levels  are  not  useful  in  detecting 
cardiac  damage  (Olson  et  al. ,  1974). 


Monitoring  serum  enzyme  and  tissue  electrolyte  levels  could 
prove  useful  in  screening  potentially  cardiotoxic  agents;  however, 
developmental  work  is  needed.  Especially  necessary  at  this  time  is 
baseline  information  concerning  normal  levels  of  these  substances  in 
experimental  animals  and  better  correlation  with  abnormal  structural 
or  functional  changes  observed  during  damage.  Table  C-l  in  Appendix 
C  lists  the  biochemical  measurements  made  in  testing  cardiotoxic 
agents. 

2.3.3  Other  Biochemical  Monitoring 

Modification  of  the  processes  leading  to  the  synthesis  of  DNA, 
RNA  and  proteins  can  serve  as  an  indication  of  cell  damage.  The 
adult  cardiac  muscle  cell  does  not  divide,  and  it  may  have  a  life 
span  as  long  as  that  of  entire  organism  (Rabinowitz,  1973;  Fischman, 
Doyle  and  Zak,  1975).  The  constituents  within  the  cell  are  in  a 
state  of  equilibrium;  they  are  constantly  being  destroyed  and  resyn¬ 
thesized.  However,  DNA  synthesis  is  limited  since  there  is  no  muscle 
cell  multiplication,  even  though  there  are  increases  immediately 
following  damage  which  are  not  well  understood.  The  rate  of  uptake 
of  radiolabelled  nucleotides  and  amino  acid  analogues  is  directly 
related  to  increases  in  damaged  muscle  tissue  and  thus  provides  a 
technique  for  detecting  and  monitoring  damage.  This  technique  has 
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yet  to  be  applied  to  the  detection  of  damage  in  the  myocardium  by  any 
more  than  one  or  two  researchers  (Arena  et  al. ,  1974;  Rabinowitz, 
1973)  who  have  used  mice  and  rats  in  their  studies. 

The  introduction  of  phosphorus-31  nuclear  magnetic  resonance 
(31RMJMR)  spectroscopy  to  the  study  of  intact  living  tissues  pro¬ 
vides  the  capability  of  quantitatively  analyzing  the  ijn  vivo  metabo¬ 
lism  of  discrete  organophosphate  metabolites  without  disrupting  the 
integrity  of  the  tissue  under  study.  Since  the  initial  demonstration 
of  the  potential  biomedical  applications  of  this  methodology  by  Moon 
and  Richards  (1973),  in  their  study  of  erythrocytes  in  whole  blood,  a 
variety  of  intact  tissues  has  been  analyzed,  including  perfused  heart 
tissues.  Phosphorus  NMR  spectra  of  perchloric  acid  (PCA)  extracts 
prepared  from  these  tissues  have  generated  profiles  qualitatively 
similar  to  those  derived  from  the  intact  tissue,  but  with  enhanced 
resolution  and  quantification  precision.  The  sophistication  of  31pA 
NMR  techniques  has  been  improved  to  enable  the  detection  of  metabolic 
changes  induced  by  various  insults  (e.g.  ,  ischemia,  hypoxia)  in  the 
intact  beating  heart.  The  metabolites  that  are  quantifiable  in  the 
intact  heart  include  adenosine  triphosphate,  adenosine  diphosphate, 
adenosine  monophosphate,  phosphoryl  creatine,  inorganic  orthophos¬ 
phate,  nicotinamide  adenine  dinucleotide  and  the  phosphrylated  triose 
and  hexose  sugars. 

The  principal  advantage  of  the  NMR  technique  is  that  in  the 
Intact  tissue,  dynamic  changes  can  be  quantified  during  discrete  time 
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intervals,  and  the  metabolic  effects  induced  by  specific  toxicants 
can  be  quantified  with  respect  to  changes  in  the  metabolite  concen¬ 
trations  and  enzyme  kinetics  of  the  affected  reactions.  Subsequent 
tissue  PCA  extract  preparation  of  these  same  tissues  provides  a 
detailed  analysis  of  the  minor  organophosphate  molecules  present  in 
the  same  tissue. 

The  3!pANMR  analytical  procedures  enable  quantification  of 
between  15  and  30  separate  phosphate  metabolites  present  in  cardiac 
tissue  within  a  short  time  increment  (2  minutes  in  the  intact  tissue; 
4  hours  in  the  concentrated  tissue  PCA  extract);  however,  the  requi¬ 
site  procedures  and  equipment  are  highly  sophisticated  and  are  only 
used  in  research  investigations.  Future  development  of  this  tech¬ 
nique  and  its  ability  to  assess  quickly  biochemical  alterations  in 
intact  tissue  may  make  it  a  useful  procedure  in  rapid  screening 
(Kopp,  1980). 

2.3.4  Cultured  Heart  Cells 

Cultured  heart  cells  are  similar  biochemically  to  intact  muscle 
cells;  consequently,  they  will  manifest  the  same  types  of  changes 
observed  in  intact  cells.  For  instance,  damaged  cultured  heart  cells 
will  leak  enzymes  into  the  culture  media;  accordingly,  the  activity 
of  the  culture  media  can  then  be  examined  for  indications  of  damage 
in  the  cultured  cells.  Since  heart  cells  are  rich  in  lactic  dehydro¬ 
genase  (LDH)  and  in  creatine  phosphokinase  (CPK),  these  two  enzymes 
are  typically  measured  as  sensitive  indicators  or  injury.  In 
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addition,  acid  phosphatase  and  succinic  dehydrogenase  are  infrequent¬ 
ly  determined.  Acid  phosphatase  activity  increases  when  lysosomal 
membranes  are  damaged,  and  succinate  dehydrogenase  is  a  measure  of 
mitochondrial  membrane  damage.  This  monitoring  is  easily  performed 
and  can  be  done  for  many  cultures  at  one  time  (Acosta,  1979). 

When  Nitro  Blue  tetrazolium  (NBT)  and  phenazine  methosulphate 
react  with  succinate  dehydrogenase,  microscopically-observable  for- 
mazan  granules  are  formed.  When  the  structural  integrity  of  the 
mitochondrial  membranes  is  maintained,  NBT  and  phenazine  methosul¬ 
phate  are  unable  to  react  with  succinate  dehydrogenase  in  mitochond¬ 
ria  in  sufficient  quantities  to  be  readily  observable  microscopically 
(Acosta  and  Wenzel,  1975).  This  technique  has  been  used  to  a  limited 
extent  to  detect  mitochondrial  damage.  Many  cellular  biochemical 
components  are  assayed  in  heart  cell  cultures.  These  include  adeno¬ 
sine  triphosphate  (ATP),  phosphoryl  creatine  (both  related  to  energy 
production),  myosin  and  total  protein.  The  levels  of  DNA,  RNA  and 
protein  synthesis  are  also  monitored. 

The  monitoring  of  DNA,  RNA,  and  protein  synthesis  is  primarily 
used  as  an  indication  of  the  growth  rate  of  cultured  cells.  These 
levels  of  synthesis  tend  to  vary  as  cellular  contact  is  made. 

2.3.5  Tissue  Explants  and  Perfused  Heart  Preparations 
The  most  common  techniques  used  in  both  tissue  explants  and  per¬ 
fused  heart  preparations  examine  the  preparations  for  metabolic 
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changes,  particularly  those  metabolic  changes  involved  in  energy 
metabolism.  For  this  reason,  glucose,  lactate,  adenosine  monophos¬ 
phate  (AMP)  and  guanosine  monophosphate  (GMP)  have  been  determined. 
The  most  common  enzymes  assayed  in  the  perfusate  are  LDH  and  CPK. 
Calcium  levels  have  been  determined  in  the  heart  tissue  in  order  to 
monitor  calcium  exchange  rates  with  the  perfusion  media.  Besides 
energy  metabolism,  lipid  metabolism  has  been  studied  and  the  levels 
of  DNA,  RNA  and  protein  synthesis  have  been  determined  in  a  few 
studies . 

Nonetheless,  the  most  useful  biochemical  monitoring  techniques 
used  to  detect  damage  in  the  perfused  heart  and  in  tissue  explants 
examine  the  jji  vitro  perfusate  for  changes  in  the  enzymes  LDH  and 
CPK.  The  other  biochemical  constituents  are  monitored  primarily  for 
research  purposes,  rather  than  for  use  in  a  screening  program. 

2.3.6  Summary 

Damage  to  the  heart  tissue  is  associated  with  significant  in¬ 
creases  in  serum  enzyme  levels.  The  most  important  are  LDH  and  CPK. 
These  enzyme  assays  have  had  important  clinical  application  in  the 
diagnosis  of  human  cardiac  disease,  partly  because  of  the  inaccuracy 
associated  with  functional  diagnostic  techniques.  In  humans,  the 
ranges  of  normal  enzyme  activities  have  been  carefully  determined; 
however,  in  animals,  normal  enzyme  levels  are  not  adequately  known, 
but  are  determined  (e.g.,  from  control  animals)  for  each  individual 
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study.  This  general  lack  of  normal  values  is  a  disadvantage  in  using 
enzyme  monitoring  techniques  in  a  screening  program. 

There  are  substantial  changes  in  tissue  electrolyte  levels  in 
damaged  heart  tissue.  The  tissue  electrolytes  normally  monitored 
include  calcium,  sodium,  potassium  and  magnesium.  Lehr  has  recently 
completed  studies  which  indicate  that  tissue  electrolyte  changes  are 
more  sensitive  to  early  myocardial  damage  than  serum  enzymes.  When 
additional  developmental  studies  are  completed,  tissue  electrolyte 
monitoring  may  become  useful  in  screening  for  cardiac  damage. 

The  monitoring  of  DNA,  RNA  and  protein  synthesis  as  an  indica¬ 
tion  of  heart  damage  has  only  been  used  by  a  few  investigators  and 
would  not  currently  be  useful  in  a  screening  program. 

Cultured  heart  cells  are  similar  biochemically  to  intact  muscle 
cells.  Many  biochemical  constituents  of  cultured  heart  cells  have 
been  monitored;  however,  the  most  useful  are  LDH  and  CPK.  Monitoring 
leakage  of  these  two  enzymes  provides  a  sensitive  indication  of  cell¬ 
ular  damage.  These  two  enzymes  also  provide  the  most  useful  tool  for 
detecting  damage  in  perfused  hearts  and  tissue  explants,  even  though 
many  biochemical  substances  have  been  monitored  in  these  two  systems. 
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3.0  CONCLUSIONS  AND  RECOMMENDATIONS 


The  testing  techniques  for  the  assessment  of  cardiotoxicity  have 
been  classified  in  three  categories:  morphological,  functional  and 
biochemical.  The  most  common  techniques  are  used  to  examine  cardio¬ 
vascular  function;  nevertheless,  examination  of  structural  and  bio¬ 
chemical  alterations  is  important  in  assessing  cardiac  damage.  The 
in  vitro  systems  (i.e.,  cultured  heart  cells,  tissue  explants  and 
perfused  heart  pieparations)  have  been  used  to  describe  cardiac  mecha¬ 
nisms  and  are  important  in  detecting  cardiac  damage. 

All  of  the  testing  techniques  examined,  with  the  exception  of 
the  morphologic  techniques,  lack  sophistication  and  the  interpreta¬ 
tion  of  results  is  difficult.  None  of  the  techniques  are  suffi¬ 
ciently  developed  or  standardized  to  be  used  in  a  tiered  screening 
program.  At  this  time,  tests  can  only  be  positioned  in  descending 
order  of  usefulness  and  potential  application  to  a  screening  program. 

The  evaluation  of  individual  tests  is  based  on  a  number  of  con¬ 
siderations.  The  major  considerations  for  the  cardiovascular  system 
are  the  validity  of  the  measurement;  the  skills  involved  in  making 
the  measurement;  the  equipment  necessary;  the  time  needed  to  complete 
the  tests;  the  sensitivity,  accuracy  and  reproducibility  of  results; 
and  the  ability  of  the  test  to  reflect  cardiovascular  damage.  At  the 
current  stage  of  development  of  cardiovascular  system  testing,  many 


of  these  considerations  can  only  be  evaluated  subjectively,  while 
others  cannot  be  addressed  at  all  due  to  a  lack  of  data. 

3.1  Criteria  Used  in  Evaluating  Cardiovascular  System  Tests 

The  following  criteria  have  been  selected  to  evaluate  each  car¬ 
diovascular  system  test: 

•  whether  the  test  is  sufficiently  developed  to  be  reproducible 
in  a  screening  program 

•  whether  the  test  is  sufficiently  sensitive  to  detect  early 
subtle  forms  of  damage  and  to  reflect  the  extent  of  damage  to 
the  system 

•  whether  procedures  and  instrumentation  are  sufficiently 
uninvolved  to  enable  technicians  with  minimum  additional 
training  to  perform  the  test 

•  whether  the  test  is  terminal  to  the  animals  used 

•  the  amount  of  time  necessary  to  complete  the  test  (i.e.,  days 
to  a  few  weeks) 

In  evaluating  tests,  other  criteria  such  as  equipment  costs  and 
animal  and  maintenance  costs  would  normally  be  considered.  However, 
much  of  the  equipment  utilized  for  testing  in  the  cardiovascular  sys¬ 
tem  is  unique  in  design  and  construction,  and  requisite  data  concern¬ 
ing  the  other  criteria  are  unavailable.  Evaluation  of  the  tests' 
state  of  development,  the  skill  necessary  to  perform  them,  and  the 
ease  of  performing  them  is  based  on  discussion  with  researchers,  and 
a  review  of  their  publications  and  other  literature  dealing  with 
cardiovascular  testing. 

Many  of  the  invasive  techniques  may  damage  the  animal  or  the 
animal's  heart  so  that  re-use  of  animals  is  probably  unrealistic 
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except  for  larger  animals  (e.g.,  monkeys),  where  the  expense  of  the 
animals  may  necessitate  re-using  them.  Where  pressure  transducers 
have  been  surgically  implanted  to  measure  cardiac  functional  para¬ 
meters,  the  animals  could  conceivably  be  used  for  the  screening  of  a 
number  of  substances  as  long  as  the  heart  is  not  damaged  to  the  point 
of  altering  experimental  results.  In  a  large  scale  screening  pro¬ 
gram,  the  expense  of  purchasing  and  maintaining  larger  animals  may 
prohibit  their  use.  Most  tests  would,  therefore,  be  performed  in 
smaller  animals  (e.g.,  mouse,  rat,  hamster,  guinea  pig,  rabbit). 

The  use  of  tissue  explants  or  cultured  heart  cells  requires  that 
the  animals  be  terminated,  although  only  a  few  animals  are  necessary 
to  supply  tissues  and  cells  for  these  techniques.  The  perfused  heart 
techniques  require  an  animal  be  terminated  for  each  procedure. 

3.2  Evaluation  of  Cardiovascular  Tests  for  Potential  Application  to 
a  Screening  Program 

None  of  the  cardiovascular  tests  sufficiently  satisfy  the  cri¬ 
teria  to  be  immediately  useful  in  a  screening  program.  A  numerical 
assessment  of  the  testing  techniques  based  on  the  criteria  previously 
mentioned  is  shown  in  Table  3-1.  This  numerical  assessment  was  made 
subjectively  following  discussion  with  researchers  using  these  tech¬ 
niques  and  following  a  review  of  the  current  literature. 

The  advantages  and  disadvantages  of  each  testing  technique  are 
described  below  with  a  discussion  of  their  potential  application  to  a 
screening  program.  Some  tests  could  be  included  in  a  screening  pro¬ 
gram  with  additional  development;  other  techniques  are  too  complex 

55 


EVALUATION  OF  CA1DIOVASCULAR  TESTING  TECHNIQUES 


r 

i 

I 


and  are  1  , and  the  scope  of  such  a  program.  Table  3-2  lists  a  battery 
of  tests  recommended  for  a  short-term  screening  program. 

Cultured  Heart  Cells 

This  technique  has  many  of  the  advantages  of  other  in  vitro 
screening  techniques  as  well  as  some  additional  advantages  because  of 
the  unique  electrical  and  physiological  properties  of  heart  cells. 

The  cells'  morphology,  growth  rate,  beating  activity,  electrical 
properties  and  biochemical  mechanisms  can  be  examined  for  cyto¬ 
toxicity. 

The  difficulty  of  extrapolating  experimental  results  from 
single-cell  systems  to  whole  organisms  is  a  common  disadvantage  of 
cultured  heart  cells  and  other  in  vitro  systems.  Cell  purity  in 
heart -cell  cultures  is  difficult  to  obtain  and  nonmuscle-cell  over¬ 
growth  can  interfere  with  the  normal  heart-cell  function.  The  state 
of  differentiation  can  be  highly  variable  and  must  be  determined  for 
each  new  culture. 

Heart  cell  cultures  have  only  been  used  by  a  few  investigators 
and  the  procedures  lack  standardization.  Further  development  and 
standardization  of  this  system  will  be  necessary  before  it  will  be 
generally  useful  in  a  screening  program;  however,  it  is  one  technique 
that  shows  considerable  potential  for  the  toxicity  screening  of  chem¬ 


ical  substances 


TABLE  3-2 


croscopy  would  only  be  done  on  those  tissues  requiring  additional  structura 
subtle  forms  of  damage) . 


Morphological  Techniques 

Even  though  these  techniques  are  reasonably  rapid  and  simple  to 
perform,  histopathologlcal  analysis  may  be  difficult  and  the  inter¬ 
pretation  of  the  results  arduous  and  subject  to  dispute.  Gross 
observation  and  microscopic  histopathology  are  important  for  verifi¬ 
cation  of  results  in  a  screening  program,  especially  in  the  cardio¬ 
vascular  system,  where  early  structural  changes  in  the  heart  do  not 
usually  alter  functional  parameters.  Therefore,  the  use  of  gross 
observation  and  light  microscopy  would  have  prominent  application  in 
a  screening  program.  Electron  microscopy  is  too  involved  for  a 
screening  program  and  it  would  need  to  be  limited  to  those  substances 
that  show  uncertain  toxicity  by  other  techniques. 

Perfused  Heart  Preparations 

This  technique  has  the  advantage  of  isolating  an  organ  from  the 
body  while  maintaining  function  so  that  functional  parameters  can  be 
monitored.  The  parameters  normally  monitored  are  electrical,  physio¬ 
logical  and  biochemical.  A  few  have  also  examined  the  perfused  heart 
for  ultrastructural  changes,  although  most  investigators  have  limited 
their  examination  of  the  perfused  heart  to  biochemical  alterations  in 
metabolism  related  to  loss  in  contractile  force.  The  perfused  heart 
techniques  will  need  to  be  developed  further  to  evaluate  their  poten¬ 
tial  application  to  the  screening  of  toxic  chemicals.  There  is 
little  baseline  information  available  concerning  normal  values  for 
the  various  functional  parameters.  Degenerative  changes  in  the  heart 
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following  removal  from  the  body  need  to  be  delineated.  Some  tech¬ 
niques,  such  as  cooling  the  myocardium  during  the  isolation  proced¬ 
ure,  may  be  used  to  minimize  degenerative  changes.  The  perfused 
heart  technique  may  be  too  involved  to  be  useful  in  a  screening  pro¬ 
gram.  This  will  need  to  be  determined  as  the  technique  is  developed 
and  baseline  information  is  produced. 

Electrocardiography 

This  technique  has  the  advantage  of  being  easy  to  perform  and  is 
not  invasive.  The  cardiac  electrical  activity  can  be  monitored  from 
the  surface  of  the  body  by  simply  placing  electrodes  on  the  surface 
of  the  skin.  The  major  disadvantage  is  that  electrocardiography 
seems  to  be  insensitive  to  early  cardiac  damage.  Electrocardiography 
is  currently  being  evaluated  for  its  potential  in  detecting  early 
myocardial  degenerative  changes  in  small  laboratory  animals,  possibly 
by  modifying  current  monitoring  techniques,  or  by  monitoring  para¬ 
meters  (e.g. ,  conduction  intervals)  that  are  different  from  those 
traditionally  monitored. 

Functional  Techniques 

Functional  parameters  such  as  arterial  blood  pressure,  left  ven¬ 
tricular  pressure,  aortic  flow,  aortic  pressure  and  contractile  force 
are  too  insensitive  to  reflect  early  damage  in  the  myocardium,  and 
most  monitoring  is  too  difficult  to  perform  to  have  prominent  appli¬ 
cation  in  a  screening  program.  The  heart  has  sufficient  reserve 
capacity  that  damage  must  be  excessive  before  significant  changes  are 
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observed  in  the  functional  parameters.  In  addition,  many  of  the  pro¬ 
cedures  are  invasive  and  require  surgical  manipulation  of  the  animal. 
There  is  also  little  baseline  information  for  any  of  the  functional 
parameters  in  laboratory  animals.  For  these  reasons,  functional 
monitoring  in  small  animals,  with  the  exception  of  electrocardio¬ 
graphy,  would  not  be  useful  in  a  screening  program. 

Biochemical  Techniques 

These  measurements  have  had  limited  application  in  small  labora¬ 
tory  animals  for  monitoring  cardiovascular  damage  and  could  currently 
have  some  application  in  a  screening  program.  Monitoring  enzyme 
levels  may  prove  more  useful  in  the  future,  as  enzyme  monitoring  in 
small  animals  is  developed  and  normal  baseline  values  are  estab¬ 
lished.  Both  lactic  dehydrogenase  and  creatine  phosphokinase  seem  to 
be  sensitive  to  early  damage.  However,  they  have  yet  to  be  monitored 
in  feeding  studies  for  more  than  just  a  few  toxic  substances.  Cur¬ 
rent  studies  indicate  that  tissue  electrolyte  changes  may  be  more 
sensitive  to  early  damage  than  serum  enzyme  changes.  Tissue  electro¬ 
lyte  monitoring  may  have  important  application  in  the  future  screen¬ 
ing  of  chemical  substances. 
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